Denaturing high-performance liquid chromatography (DHPLC) is a relatively new method for separating amplicons in a mixture, and was recently developed for parasite detection in the blue crab Callinectes sapidus. That assay used a peptide nucleic acid (PNA) PCR hybridization blocking probe (PNA -PCR-DHPLC) to decrease the generic PCR bias of dominant templates (the host) in the mixture prior to separation on the DHPLC column, thus enhancing the less abundant parasite DNA. The same assay and rational can be used to investigate predatorprey interactions. However, in ecosystem studies with many predator-prey relationships, development of specific PNA-blocking probes for each predator would be too laborious. Here, we have developed a PCR -DHPLC assay excluding the dominant predator amplicons in a first DHPLC run, followed by re-amplification of the non-predator retention volumes and further separation and characterization in a second DHPLC run. This assay generated data on the specific trophic interactions between the calanoid copepod Limnocalanus macrurus and its prey from a seasonal sampling programme. The assay provides an efficient way for an unbiased screening of predator-prey relationships, and although developed for L. macrurus in this study, the approach has wide applicability for any predator-prey interaction.
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I N T RO D U C T I O N
Denaturing high-performance liquid chromatography (DHPLC) has predominantly been used to identify single nucleotide polymorphisms (Xiao and Oefner, 2001 ), but has also received considerable interest within the field of microbiology as a tool for biodiversity assessments of non-complex community structures (Barlaan et al., 2005; Rouge et al., 2010) . Recently, the DHPLC was developed to screen for unknown pathogens in the haemolymph of possibilities in other areas of biology, e.g. trophic interactions, even when there is little or no prior knowledge of diversity in a sample.
Predators within an ecosystem shape the community by affecting the prey population abundance and distribution (Begon et al., 1996; Verity and Smetacek, 1996) . Thus, investigating trophic interactions within an ecosystem is of great importance to understand its structure and function (Valentini et al., 2009; Carreon-Martinez and Heath, 2010) . Molecular markers to identify trophic links are a particularly attractive methodology because it can identify species-specific interactions between a predator and its prey in situ (Symondson, 2002; Troedsson et al., 2007; Durbin et al., 2008; King et al., 2008 , Nejstgaard et al., 2008 Barofsky et al., 2010) . However, a priori knowledge of the interaction is often necessary before conducting more detailed analysis. Using the DHPLC to screen for known and unknown prey particles would offer a high-throughput method to identify trophic interactions without the need for a priori knowledge.
A significant methodological challenge when separating and identifying amplicons in a mixture is the generic PCR bias of dominant templates (Farrelly et al., 1995; Polz and Cavanaugh, 1998; Kanagawa, 2003) . Consequently, methods with whole genomic extractions of predators with the aim to investigate gut contents are particularly sensitive to this PCR bias. A number of methods have been developed to overcome this problem by, for example, designing blocking primers that can exclude the dominant template in the PCR amplification (Troedsson et al., 2008b; Vestheim and Jarman, 2008) . However, design and development of the blocking primers for every predator or host could be very time consuming and costly, especially in more complex systems with several predator or hosts in relatively few samples. In studies of trophic interactions in situ, it would therefore be a significant advantage to simply exclude the dominant DNA.
In this study, we used eukaryotic universal primers and developed an assay to reduce the dominance of the PCR amplicons from the predator in a first DHPLC run and further profiledthelessabundantPCRamplicons( prey)ina second DHPLC run. As a model system for this development,weusedtheBalticSeacalanoidcopepod, Limnocalanus macrurus (Sars, 1863; Dahlgren et al., 2012) .
M E T H O D Preparation of standards
Near-full-length 18S rRNA genes from the calanoid copepod L. macrurus (GenBank: HQ407006.1), the Crytophyceae Rhinomonas reticulata (CCAP 995/2), the Bacillariophyceae Chaetoceros calcitrans (CCAP 1010/11) and the Prymnesiophyceae Isochrysis sp. (CCAP 927/14) were cloned into the bacterial plasmid vector pCR 4-TOPO (Invitrogen Corp) using the primers UnivF-15 (5 0 -CTG CCA GTA GTC ATA TGC-3 0 ) and UnivR-1765S (5 0 -ACC TTG TTA CGA CTT TAC-3 0 ) (Frischer et al., 2000; Troedsson et al., 2008b) . Plasmid DNA was purified using QIAprep spin miniprep from Qiagene (Cat. No. 27106) and sequenced. All sequences were checked against GenBank using the BLASTn algorithm. Optimization of the temperature and buffer gradient for maximum separation on the transgenomic WAVE DHPLC system was performed using PCR products from the four 18S rDNA plasmids in equi-molar ratios.
Primers and PCR assay
The primers utilized in this study were the universal eukaryotic 18S rDNA gene-targeted primers Univ-1131F (5 0 -AAA CTY AAA GRA ATT GAC GG-3 0 ) and Univ-1629R (5 0 -GAC GGG CGG TGT GTR C-3 0 ) generating a 500 bp product previously designed and optimized for the DHPLC (Troedsson et al., 2008a) . PCR reactions were set up with 0.6 units Discoverase TM DHPLC DNA polymerase (Invitrogen Corp.), 0.2 mM of each primer, and 0.2 mM of each dNTP in a total reaction volume of 30 mL. The PCR amplification conditions included an initial denaturation cycle (5 min at 958C), followed by 35 amplification cycles (30 s at 958C, 30 s at 508C and 1 min at 728C). The amplification cycles were followed by a final extension at 728C for 5 min. As a template for the PCR reactions, 1 mL of the total eluate (QIAGENw DNeasyw Blood&Tissue kit, cat. no. 69506) from the genomic extractions of the environmental samples were used. However, during the DHPLC optimization, plasmids as template molecules were used at a final concentration of 10 8 copies per reaction. Plasmid DNA concentration was estimated by using ND-1000 Spectrophotometer from NanoDrop TM . Amplified gene fragments were visualized by electrophoresis in 1% agarose gel. Discoverase TM DHPLC DNA polymerase is a highfidelity polymerase and can be sensitive to inhibitors often present in our environmental samples. These inhibitors can be addressed simply by diluting the environmental samples prior to the PCR. However, 100% of our PCR reactions were successful using 1 mL of undiluted environmental samples as template, and so no further action was taken to reduce inhibitors. In the DHPLC wave system, previous studies have tested upto 100 ng of DNA in the loading volume without any apparent effect in the chromatogram (Troedsson et al., 2008a) . None of our samples had these excessive concentrations.
DHPLC optimization
Optimization for maximal separation was performed according to Troedsson et al. (Troedsson et al., 2008a) with the exception that four different amplicons were used. Using the universal eukaryotic primers Univ-1131F and Univ-1629R, 30 mL PCR reactions were set up with the plasmids from R. reticulata, C. calcitrans, L. macrurus and Isochrysis sp. in equi-molar copy numbers of 10 8 copies per taxon as template. After the PCR, 5 mL were injected directly onto the Transgenomic WAVE DHPLC equipped with a DNASep HT cartridge (Transgenomic, Omaha, NE; catalogue no. . No additional purification of PCR products was required for DHPLC separation. The flow rate (0.35 mL min 21 ) has previously been evaluated for chromatographic separation in the DHPLC (Troedsson et al., 2008a) and was subsequently used for all samples in this study. The optimization of gradient slope (% buffer B) and temperature has previously been shown to be important to achieve maximum separation [see table 4 in Troedsson et al. (Troedsson et al., 2008a) ], and were therefore investigated systematically in a four-by-four factorial matrix experiment by stepwise increase in buffer B concentration and temperature. Initial separation concentrations of buffer B (0.1 M triethylamine acetate and 25% acetonitrile in water, pH 7) was varied from a starting concentration of 45-60%, and a fixed end-concentration of 70% buffer B. Column temperature was varied from 61.5 to 63.08C.
The optimal conditions were identified by finding the maximum value of the parameter (g) for each chromatographic peak according to the equation
where 4 is the distance to the closest peak (min) and a is the peak area (optical density units). The best conditions for separation of the peaks were found through the maximum value of g from all peaks according to the equation
All four 18S rDNA gene fragments (see above) were used to optimize the protocol from this study.
DHPLC on environmental samples
Samples were taken once a month between April and December (except September and October) 2008 at station A13 in the Bothnian Bay (648 42.50 0 N; 228 04 0 E) yielding a total of seven samples. All samples were taken from the bottom ( 100 -120 m) to the surface using a WP2-net (mesh size of 90 mm). Zooplankton samples for molecular gut content analysis were collected by emptying the cod end of the WP2 in a 200-mm sieve to remove algae and other debris. The zooplankton was further rinsed by dipping the sieve in three subsequent buckets of filtered seawater, whereupon they were anaesthetized using MS222 (3-aminobenzoic acid ethyl ester, 0.6 mg mL 21 ) ) and transferred into a Petri dish containing MS222. Limnocalanus macrurus females (20 -30 per sample) were identified and transferred individually into an Eppendorf tube with 180 mL ATL-buffer þ 20 mL Proteinase K (Qiagenw) for complete tissue homogenization. The tubes were rigorously vortexed and frozen in 2808C for further analysis in the lab.
The samples were amplified with the primers Univ-1131F and Univ-1629R (Troedsson et al., 2008a) using the Discoverase TM DHPLC DNA polymerase (Invitrogen Corp.) and were visualized by electrophoresis in 1% agarose gel. After the PCR, 5 mL were injected directly onto the DHPLC column. From seven environmental samples, 24 subsamples (total 168) were collected between 3 and 11 min of retention time on the column using the FCW-200 fraction collector (Transgenomic, Omaha, NE, USA) integrated with the WAVE DHPLC system (Fig. 1) . The 24 subsamples were collected in sterile 1.5 mL Eppendorf tubes and the liquid in each tube was evaporated using a vacuum centrifuge (ThermoFisher, Jouan RC 10.10 centrifuge). Subsequently, 50 mL of AE buffer from the QIAGENw DNeasyw Blood&Tissue kit were added to each subsample to dissolve the fragments.
Each subsample was further re-amplified using the Univ-1131F and Univ-1629R primers and Discoverase TM DHPLC DNA polymerase (Invitrogen Corp.). The amplified gene fragments were visualized by electrophoresis in 1% agarose gel; 90% (151/168) of the subsamples generated PCR products of 500 bp. The positive PCR amplicons were then re-injected into the DHPLC system for comparison with the original sample. From these new chromatographic profiles generated, 32 unique peaks were selected for additional characterization by cloning and sequencing.
Cloning and sequencing
The 32 samples following the DHPLC subsampling were re-amplified using the Takara Ex HS taq (Takara BIO, Inc., Japan) with the universal 18S rDNA genetargeted primers Univ-1131F and Univ-1629R. The PCR amplification conditions included an initial denaturation cycle (3 min at 948C), followed by 35 amplification cycles (30 s at 948C, 30 s at 508C and 1 min at 728C). The amplification cycles were followed by a final extension at 728C for 5 min. Amplified gene fragments were visualized by electrophoresis in 1% agarose gel, purified using the QIAquickw Gel Extracting kit (cat. No. 28706) and ligated into a pCR4-TOPO vector by using a TOPO TA cloning kit (Invitrogen Corp.) according to the manufacturer's instructions. For sequencing, three colonies per original sample were selected and further regrown in Nunclon TM delta surface 96-well plates. Each well in this study was filled with 150 mL agar (imMedia TM Ampicilin Agar from Invitrogen Corp.) and cooled to room temperature. The triplicates of the 32 samples were shipped to LGC Genomics (http://www.lgc.co.uk/) for MTP-sequencing using the commercial T7 primer.
Data analyses
Sample and chromatographic analyses were performed using the Wave software (Transgenomics). Optimization graphics were performed with Statistica 10 (StatSoft, Inc.). The sequences were trimmed using standard text edit software and initially tested in GenBank using BLASTn in the nr/nt database (http://www.ncbi.nlm. nih.gov/).
R E S U LT S Optimization
A four-by-four factorial matrix was designed with temperatures between 61.5 and 638C and a universal linear buffer B concentration starting from 45 to 60% and fixed end-gradient at 70%. Results were plotted in a contour graph (Fig. 2) using Statistica 10, with highest scores identifying the optimal temperature (62.58C) and start buffer B gradients (55%) for maximum separation between the four plasmids. PCR fragments generated from the four plasmids were injected into the DHPLC column both as pre-mixed PCR products and separately in order to test the resolution of more complex samples (Fig. 3) . In the design and optimization of the DHPLC experiment, it has been recommended to use temperatures yielding average % DNA helicity of .95% to achieve best possible separation (Troedsson et al., 2008a, b) . However, initial test runs on the separation of the four different PCR fragments indicated low separation under these conditions (data not shown) and that maximum separation was achieved with higher temperatures (62.58C) coupled with low helicity values (Table I) .
When injected individually, PCR amplicons from R. reticulata and C. calcitrans were separated on the DHPLC chromatogram by 0.6 min. However, when PCR (1) and (2) in 'Methods'] was plotted in a contour graph and is given in the figure. The optimal conditions identified were 55% buffer B and temperature of 62.58C. amplicons from R. reticulata, C. calcitrans, L. macrurus and Isochrysis sp. were injected as a mixture in the DHPLC system, R. reticulata and C. calcitrans did not separate well ( Fig. 3a and b) . The peak in Fig. 3a at 5.3 min, corresponds to an accumulation of the shoulders seen from both L. macrurus and Isochrysis sp. (Fig. 3a) , which was also confirmed by sequencing. Nevertheless, the DNA present in this shoulder was kept as a separate peak in the DHPLC optimization protocol [Equation (1) and (2)] because the mixed amplicons represented more realistic separation conditions for environmental samples.
The overall separation of peaks in the chromatogram did not seem to correlate with sequence similarity, fragment length nor average % helicity. However, in general there was a correlation between GC content and retention time in the separation, where both R. reticulata and C. calcitrans had lower GC content compared with the two latter ones (L. macrurus and Isochrysis sp.) (Table I) .
Environmental samples
Unique profiles from the 24 subsamples from each of the seven environmental samples were identified, indicating that low copy number PCR products not yielding visible peaks in the first set of chromatograms were present (Fig. 4) . The exclusion of the dominant amplicon (L. macrurus) in the subsampling therefore boosted the low copy number fragments yielding visible peaks.
Thirty-two unique peaks from the subsamples of the seven environmental samples were further analysed by cloning and sequencing. Three colonies from each clone were sequenced generating a total of 96 partial 18S rDNA sequences for further phylogenetic analysis. The details and the biological results of the analysis are presented in Dahlgren et al. (2012) . However, in short, four main groups were identified: crustacea (25%), diatomophyceae ( 1%), kinetoplastida ( 16%) and prokaryotes ( 51%) (Fig. 5) . Maximum parsimony analysis (PAUP 4.08b, Swofford, 2001 ), using the 500 bp region of the 18S rDNA gene of related species within the crustacea as well as all crustacean sequences found in this study, indicated a species cut-off at 99% sequence similarity in this region. See Dahlgren et al. (2012) for further discussion about species cut-off. The crustacean sequences were therefore further subdivided in two general groups where the first group ( 8% of the sequences) generated a sequence similarity in the range 87.7 -99%, and was suggested to be prey species. The second group ( 17% of the sequences) had a sequence similarity .99% to L. macrurus and was most likely polymorphic. Only one environmental sample The taxa are ranked according to increasing retention time, overall sequence similarity (from Rhinomonas reticulata), product length, % GC content and average helicity (mean and standard deviation). The helicity was calculated by the Wave software (Transgenomics). Peak retention time refers to the separate runs in Fig. 3b ).
a Helicity is given as a mean with standard deviation predicted at 62.58C. Fig. 4 . A representative collection of subsamples ran on the DHPLC (from the November sample) yielding clear amplicon diversity compared with initial chromatogram (Fig. 1) . The samples are plotted over each other. contained phytoplankton in the gut, and correlated to the spring diatom bloom (Dahlgren et al., 2012) . Most of the eukaryote sequences generated by the PCR-DHPLC were directly related to the feeding biology of the copepods and indicated a predominantly carnivorous feeding behaviour throughout the year. However, 16% of all the sequences corresponded to kinetoplastids (euglenozoa) by BLASTn searches, a group comprising a wide range of parasitic species. The DHPLC only identifies co-occurring species in the samples and it is not possible to discriminate between prey and parasites. Further studies are therefore needed before the kinetoplastid species in our samples can be categorized as prey or parasites. Although we obtained relevant data about prey using the Univ-1131F and Univ-1629R, we also identified 51% prokaryotic sequences, which was higher than expected from the data of Troedsson et al. (Troedsson et al., 2008a, b) . Further bioinformatic characterization of the 18S rDNA gene for development of universally eukaryotic primers for DHPLC gut content analyses would be beneficial in order to avoid co-amplification of prokaryotes in the sample and thereby increase the resolution.
D I S C U S S I O N
A significant challenge when using the DHPLC to separate PCR fragments in a mixture is to overcome the predominance of specific DNA templates that will bias the PCR reaction (Farrelly et al., 1995; Polz and Cavanaugh, 1998; Kanagawa, 2003) . Indeed, previous studies have demonstrated that the PCR -DHPLC system has a limitation of 1:10 of the most dominate DNA template (Troedsson et al., 2008a, b) , which is likely from the generic bias of the PCR reactions. Studies where whole genome extracts are made of a zooplankton predator and its gut content clearly needs a higher sensitivity than 1:10 between prey and predator. An attractive method is to use blocking primers or probes to inhibit the PCR amplification of the predator DNA (Troedsson et al., 2008b; Vestheim and Jarman, 2008) . Although successfully applied in other systems, including DHPLC, the optimization procedure is expensive and laborious. In many field studies, we are often presented with a few samples from a large number of different predators, and it would be more practical to exclude the predominant peak in a first DHPLC run. This was successfully developed here and details of the biological data on the feeding behaviour of the calanoid copepod L. macrurus are presented in Dahlgren et al. (2012) . However, given the correct sampling and handling procedures, the method could be applied to other predator-prey relationships.
Optimization
Troedsson et al. (Troedsson et al., 2008a) made a fourstep DHPLC optimization procedure for separating amplicons (table 4 therein). In that study, the first step identified a region of the 18S rRNA gene that is particularly attractive for the DHPLC method due to a single melting domain and the high helical fraction of the region (.95%). The same universal eukaryotic 18S rDNA primers used and described in Troedsson et al. (Troedsson et al., 2008a) were also used in this study, but applied on much more complex samples than the hostparasite interaction. In molecular biodiversity studies, there is often a trade-off between the inclusion of a large phylogenetic group (in our case eukaryotes) and the exclusion of other groups ( prokaryotes and archaea) in the primer design. To include a large diversity of the study group, we therefore often need to accept some inclusion of non-study groups. The large number of prokaryotic sequences found here was a direct consequence of this trade-off.
Previous studies used a model system of two plasmids in the optimization process of the DHPLC and applied a matrix optimization procedure where buffer concentrations and temperatures were varied and separation evaluated (Troedsson et al., 2008a) . This optimization protocol was also applied in our study; however, to maximize the chromatographic separation of multiple amplicons in the DHPLC system, we used a four plasmid model system, including the predator L. macrurus and three algae prey. In the optimization procedure, we made mixtures of the plasmids in order to increase the complexity of the samples as well as to reduce the number of DHPLC runs. The optimization procedure therefore generated more realistic profiles of separation, instead of individual and distinct peaks (Fig. 3) . Owing to an accumulative effect of the overlapping areas between the peaks, the R. reticulata and C. calcitrans peaks were merged into one peak in the mixture DHPLC runs, which was also confirmed from the single template DHPLC chromatograms. Further, the shoulder peak in Fig. 3a corresponded to L. macrurus and Isochrysis sp. It is not clear why a single template from a plasmid generated two chromatographic peaks in the DHPLC, but it is possible that the amplicons are present in two stable isoforms under the partial denaturing conditions optimized here. The separation of a single amplicon into two distinct chromatographic peaks has also been observed in other studies (M.
Frischer, Skidaway Institute of Oceanography, personal communication). Nevertheless, because this peak was present under most denaturing conditions tested here, we included it in the optimization analysis.
The temperatures used in our study were higher than those observed to be optimal in previous studies. Also, the predicted helical fractions under these temperatures were very low compared with what has previously been recommended for efficient separation in a partial denaturing mode (Table I) . It is not clear why there is such large temperature variation between this study and previous DHPLC studies using the same primer set (Troedsson et al., 2008a) . One possible explanation is that different DHPLC instruments were used in these two studies. Although both instruments were calibrated prior to the experiments, we cannot exclude instrument variation. Future DHPLC studies should therefore carefully assess the optimization parameter within their experimental system.
Environmental samples
Our data suggest that the predominant DNA template will generate the majority of amplicons and will be identified as a single amplicon in many detection systems, while the less abundant amplicons will not be detected even if they are present (Fig. 1) . Further, after subsampling and exclusion of the dominating copepod fragment in the DHPLC, many of the subsamples still yielded peaks that corresponded to the dominant copepod peak, which was confirmed by sequencing. Presence of the predator amplicons at several retention times confirms our hypothesis that amplicons have different stable isoforms under the partial denaturing conditions optimized here. These results also suggest that during the identification of peaks in the cloning step, several clones should be made from each peak. Indeed, from the triplicate clones per peak sent to sequencing, 65% had two or three different sequences. These results also indicate that we did not recover the full biodiversity of each of the 32 clones.
Out of our 96 clones, 42% yielded potential prey data, including 16% kinetoplastids, 1% diatoms and 25% crustaceans. However, a significant proportion of the clones were prokaryotes (51%), and future studies should therefore evaluate the universal primers used here as this noise will reduce the number of eukaryote clones for sequence analysis. The primers used here were not designed to assess the prokaryotic fraction, so no further analysis was made on these sequences. Further, an additional 7% of the sequences yielded artefacts from the cloning reaction, including truncated sequences and chimeras that are in the order of what has been reported previously (Qiu et al., 2001) .
A key challenge in using DNA for studies of trophic interactions is that the prey genomic DNA is often digested (Deagle et al., 2006; Troedsson et al., 2009) . Previous studies have demonstrated that the integrity of the prey genomic DNA is highly dependent on the sampling and handling protocol . Nevertheless, using correct sampling and handling procedures still yields significant digestion of the prey genomic DNA. In the design of primers for trophic interaction studies (either universal or specific), it is often a trade-off between short amplicons that will survive longer in the predator gut but having less sequence information (i.e. lower taxonomic accuracy), and long fragments that are more likely to be fragmented while yielding more sequence information (i.e. higher taxonomic accuracy). To increase the resolution of the gut content analyses, reevaluation of the primers should be made with careful consideration of this trade-off Troedsson et al., 2009) . One assay to evaluate prey genomic DNA digestion in a specific predator is differential length amplification qPCR assay, which will also indicate the optimal length of the primers to be used in a particular study .
To our knowledge, this is the first study to use the DHPLC for selectively removing the dominant amplicons in a PCR and to further characterize the low copy number templates in a mixture. Although the low copy number was further profiled using the DHPLC, other methods such as 454 pyro sequencing or clone libraries can be used. In both 454 pyro sequencing of amplicons for biodiversity assessments as well as clone libraries, the dominance of one species would significantly reduce the resolution. The DHPLC on the other hand offers an alternative procedure of reducing the generic PCR bias to further increase the resolution of downstream analyses. In this study, we used the assay to investigate the feeding preferences of the Baltic Sea calanoid copepod L. macrurus, a species that appears to be predominantly carnivorous throughout the season (Dahlgren et al., 2012) . To our knowledge this is the first time the DHPLC has been used for an unbiased screening of trophic interaction.
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